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Abstract
The connection between moisture and nitrogen (N) transformation in soils is key to understanding N losses, particularly nitrate
(NO3
−) losses, and also provides a theoretical framework for appropriate water management in agricultural systems. Thus, we
designed this study to provide a process-based background for management decision. We collected soil samples from the
long-term field experiment in subtropical China, which was designed to examine tobacco and rice rotations under a subtropical
monsoon climate. The field experiment was established in 2008 with four treatments: (1) no fertilization as control; (2) N,
phosphorus (P), and potassium (K) fertilizers applied at recommended rates; (3) N fertilizers applied at rates 50% higher than the
recommended amounts and P and K fertilizers applied at recommended rates; and (4) N, P, and K fertilizers applied at recom-
mended rates with straw incorporated (NPKS). Soil samples were collected during the unsaturated tobacco-cropping season and
saturated rice-cropping season and were incubated at 60% water holding capacity and under saturated conditions, respectively.
Two 15N tracing treatments (15NH4NO3 and NH4
15NO3) and a numerical modeling method were used to quantify N transfor-
mations and gross N dynamics. Autotrophic nitrification was stimulated by N fertilizer both under unsaturated and saturated
conditions. The rate of NO3
− consumption (via immobilization and denitrification) increased under the NPKS treatment under
saturated conditions. Secondly, the rates of processes associated with ammonium (NH4
+) cycling, including mineralization of
organic N, NH4
+ immobilization, and dissimilatory NO3
− reduction to NH4
+, were all increased under saturated conditions
relative to unsaturated conditions, except for autotrophic nitrification. Consequently, NO3
−-N and NH4
+-N concentrations were
significantly lower under saturated conditions relative to unsaturated conditions, which resulted in reduced risks of N losses via
runoff or leaching. Our results suggest that under saturated conditions, there is a soil N conservation mechanism which alleviates
the potential risk of N losses by runoff or leaching.
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Introduction
Nitrogen (N) is one of the key elements required for crop
growth. However, N fertilizer application to agricultural sys-
tems has had multiple negative effects on the environment
(Sainju et al. 2008). In some natural ecosystems, reactive N
is effectively conserved via the prevailing inherent soil N dy-
namics (Huygens et al. 2007; Rütting et al. 2008; Rütting and
Müller 2007). In subtropical regions, which is characterized
by the high precipitation, NO3
− leaching losses occur readily
via leaching or runoff, while NH4
+ is less mobile (Huygens
et al. 2007; Rütting and Müller 2007, 2008). Rates of autotro-
phic nitrification in native soils in the subtropical regions have
been reported as low or absent due to low soil pH (Zhao et al.
2007), while rates of NO3
− immobilization to organic N re-
ported were relatively high (Zhang et al. 2013a), especially in
low NH4
+-N soils (Rice and Tiedje 1989). As a consequence,
inorganic N in the native soils of these regions is dominated by
NH4
+, and available NO3
− is thought to be conserved effi-
ciently by NO3
− consumption processes (Zhu et al. 2013b).
However, when native land is converted to agricultural use,
microbial immobilization of NO3
− is substantially suppressed
and nitrification is stimulated (Schimel and Bennett 2004),
leading to NO3
− dominance in inorganic N in the soil, with
associated risks of N loss through runoff, leaching, and deni-
trification. Therefore, N retention in native subtropical soils is
likely to be reduced when converted to agriculture (Han et al.
2012; Yang et al. 2010; Zhang et al. 2013a).
However, N transformations in these agricultural soils may
differ under different water regimes. For example, Choi et al.
(2003) showed that nitrification was stimulated following am-
monium sulfate addition under unsaturated conditions, whereas
under saturated conditions, immobilization and subsequent
mineralization of organic N to NH4
+ dominated. Nitrification
in saturated soils is assumed to be very low, because of
oxygen-limiting conditions. Additionally, dissimilatory NO3
−
reduction to NH4
+ (DNRA) would become an important
NO3
− removal pathway, particularly under saturated conditions
(Yin et al. 2002; Zhang et al. 2015a). During DNRA, N losses
via leaching and gaseous emissions can be reduced by decreas-
ing the size of the NO3
− pool in soil and increasing the NH4
+
pool, therefore providing additional NH4
+ for immobilization or
for uptake and assimilation by primary producers (Minick et al.
2016; Silver et al. 2005). Thus, comparing with unsaturated
condition, low nitrification capacity with high DNRA rate in
soils under saturated condition may lead to alleviate the poten-
tial risk of N losses by runoff or leaching.
The connection between moisture and nitrogen (N) trans-
formation in soils is key to understandingN losses, particularly
nitrate (NO3
−) losses. The relationship between soil moisture
content and net N transformation rates has been extensively
studied by adjusting soil moisture content in the laboratory (Di
et al. 2014; Guntinas et al. 2012; Wang et al. 2005; Yu and
Ehrenfeld 2009). However, net N transformation rates are the
outcome of several N cycling processes such as mineraliza-
tion, immobilization, and nitrification. To quantify the re-
sponse of inorganic N retention to soil moisture content, the
gross rates of processes associated with NH4
+ and NO3
− cy-
cling should be determined simultaneously. Additionally, few
studies have been conducted with soils that have experienced a
long-term difference in moisture status, as compared to an
instantaneous adjustment, and this longer term legacy effect
may influence soil microbial communities and in turn the N
transformation dynamics.
The aim of this study, therefore, was to test the hypothesis
that an inherent N retention mechanism exists in saturated,
compared with unsaturated soil conditions, which reduces
net NO3
− production helping to keep the reactive N in the
system. The study used the long-term field experiment in the
subtropical region of China with a tobacco-rice cropping sys-
tem incorporating an unsaturated tobacco-cropping season
and a saturated rice-cropping season. The soil samples collect-
ed from tobacco season were incubated at 60% water holding
capacity, while the samples collected from saturated
rice-cropping season were incubated under saturated condi-
tions, two 15N tracing treatments and a numerical modeling
method was used to quantify gross N transformation rates.
The 15N tracing model applied in this study has been tested
extensively and used in studies on soils from orchard, grass-
land, paddy, vegetable, peanut, and maize fields, and for forest
soils (Huygens et al. 2007; Müller et al. 2004; Rütting et al.
2008; Zhang et al. 2013b, 2015b; Zhu et al. 2011).
Materials and methods
Study site description
The long-term field experiment was established in 2008 in the
Jiangle County, Fujian Province, China (26° 44′ 53″ N, 117°
26′ 48″ E). The site is characterized by a subtropical monsoon
climate, with a mean annual temperature of 18.9 °C and mean
annual precipitation of 1670mm (over 30 years). The soil type
is defined as an Anthrosol (WRB Soil Taxonomy), which has
developed over granite bedrock. The annual cropping se-
quence was tobacco planted in February or March followed
by rice planted in July. During the tobacco-cropping season,
irrigation did not occur. However, during the rice-cropping
season, the water level was maintained at 5 cm above the soil
surface. The four treatments examined were (1) no fertiliza-
tion applied (CK); (2) N, phosphorus (P), and potassium (K)
fertilizers applied at the recommended rate (NPK); (3) N fer-
tilizer applied at 50% above the recommended treatment and P
and K at the recommended rate (NhPK); and (4) NPK with
additional straw (NPKS), where rice straw was chopped and
incorporated into soil by plowing at a rate of 3600 kg ha−1 (dry
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matter basis) for both crops (see below). Three replicate plots
(7 × 4 m) of each treatment were established in a randomized
block design, with plots separated by brick frames. Under the
NPKS treatment, mean concentrations of N, P, and K in straw
were 5.0, 1.6, and 20.5 g kg−1, respectively. Fertilizer rates and
timings are given in Table 1. Compound fertilizers, urea, and
potassium nitrate were applied as N sources for tobacco; am-
monium bicarbonate and urea were applied as N sources for
rice every year.
Soil sampling
Soil samples were collected from the plow layer (0–20-cm
depth) in July and October 2013, following the tobacco and
rice harvest, respectively. Ten soil cores (5 cm in diameter)
were taken from each plot and combined providing one com-
posite sample per plot and three replicates for each treatment.
Thus, 12 samples were collected following the tobacco har-
vest when the soil was unsaturated, and 12 additional samples
were collected following the rice harvest when the soil was
saturated. Soil samples were split into two subsamples, one of
which was used to determine soil properties (Table 2) and the
other stored at 4 °C in the dark prior to the laboratory incuba-
tion experiment.
Laboratory incubation
Soils from each field treatment collected at the end of the
tobacco crop season were incubated under unsaturated condi-
tions (at 60% water holding capacity (WHC)), while those
collected following the saturated rice-cropping season were
incubated under saturated conditions (soil/water = 1:1, w/w).
Soils were incubated in 250-ml conical flasks at 25 °C in the
dark, with 30 g of dry weight equivalent (DWE) soil in each
flask. There were two 15N-labeled NH4NO3 treatments for
every soil, one labeled with 15NH4NO3 and the other with
NH4
15NO3, at 9.86 and 9.75 atom%
15N excess, respectively.
Labeled ammonium nitrate (NH4NO3) fertilizer was added to
each flask in solution at a rate of 60 μg N g−1 soil, and then
further water added as necessary to achieve the required mois-
ture content. The conical flasks were sealed with silicone rub-
ber stoppers and incubated for a total of 144 h. During incu-
bation, rubber stoppers were removed for 1 h every 2 days.
Three conical flasks from each treatment were randomly se-
lected at 0.5, 48, 96, and 144 h after 15N fertilizer solution
application, and the soils were extracted by a soil/solution
ratio of 1:5 with 2 M KCl, to determine exchangeable
NH4
+-N and NO3
−-N concentration and their 15N abundance.
Soil analyses
Soil pH was measured in the ratio of soil to water of 1:5 (v/v)
using a DMP-2 mV/pH detector (Quark Ltd., Nanjing, China; Ta
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Thomas 1996; Zhang et al. 2013a, b). Soil organic C (SOC)
was analyzed by wet digestion with H2SO4-K2Cr2O7, and
total N was analyzed using a semi-micro Kjeldahl digestion
with Se, CuSO4, and K2SO4 as catalysts (Nelson and
Sommers 1996; Zhang et al. 2013a, b). Exchangeable
NH4
+-N and NO3
−-N were extracted at a soil/solution ratio
of 1:5 with 2 M KCl, shaking at 250 rpm for 60 min at 25 °
C with a mechanical shaker. The extract was filtered, and
concentrations of NH4
+-N and NO3
−-N determined using a
segmented-continuous flow analyzer (Skalar, Breda,
The Netherlands; Zhang et al. 2013a, b).
Ammonium and NO3
− were separated by distillation with
magnesium oxide and Devarda’s alloy for 15N measurements
(Bremner and Keeney 1965). In brief, the extract was
steam-distilled with MgO to separate NH4
+; thereafter, NO3
−
was separated by Devarda’s alloy. The liberated NH3 was
trapped in a conical flask with boric acid solution. The trapped
N was acidified and converted to (NH4)2SO4 using 0.02 M
H2SO4 solution. The H2SO4 solution containing NH4
+ was
evaporated to dryness at 65 °C in an oven. The 15N isotopic
composition of NH4
+ and NO3
− was analyzed using a Sercon
SL Elemental Analyzer coupled to a 20-20 isotope ratio mass
spectrometer (IRMS, Sercon Ltd., Crewe, UK).
15N tracing model
The 15N tracing model was used to quantify the simultaneous-
ly occurring gross N transformation rates (Müller et al. 2007).
The model includes the following processes: immobilization
of NH4
+ to recalcitrant organic N (INH4_Nrec) and labile organ-
ic N (INH4_Nlab), mineralization of labile organic N (MNlab)
and recalcitrant organic N (MNrec) to NH4
+, adsorption of
NH4
+ on cation exchange sites (ANH4) and release of adsorbed
NH4
+ (RNH4), oxidation of NH4
+ to NO3
− (ONH4) and oxida-
tion of recalcitrant organic N to NO3
− (ONrec), dissimilatory
NO3
− reduction to NH4
+ (DNO3), and immobilization and de-
nitrification of NO3
− (INO3).
The variables required by the model are the concentrations
and 15N enrichments of NH4
+ and NO3
−. Further detail on this
15N transformation model is given by Müller et al. (2007).
However, in brief, gross N transformation rates were calculat-
ed by zero-order or first-order kinetics by minimizing the dif-
ference between modeled and measured contents of ex-
changeable NH4
+-N and NO3
−-N and their 15N abundances.
Several model modifications, kinetic settings, and variations
in the number of considered N transformations and considered
N pools were tested to identify the most appropriate model (in
accordance with Rütting and Müller 2008). The final model
used was selected according to Akaike’s information criterion
(AIC). Optimization parameters were carried out by Markov
Chain Monte Carlo Metropolis algorithm (MCMC-MA). The
steps in the optimization algorithm and the model develop-
ment are described in detail by Müller et al. (2007). TheTa
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variance of the individual observations was accounted for by
the misfit function f(m) between observations and simulation
output. The MCMC-MA routine was carried out using
MatLab (Version 7.2, The MathWorks Inc.).
Calculation and statistical analyses
The parameter averages and standard deviations of the model
were calculated from the probability density function of each
parameter, which was gained from the optimization procedure
(Müller et al. 2007). To identify adequate iteration numbers,
three parallel sequences were carried out in each analysis.
Based on the kinetic settings and parameters, average N trans-
formation rates were calculated and expressed in units of mil-
ligrams of N per kilogram soil per day (DWE). The differences
in soil properties and N transformation rates between different
treatments, within soil moisture groups, were examined by
one-way ANOVA. When the difference was significant,
Duncan’s test was used to compare the differences between
treatments. The differences in soil properties and N transfor-
mation rates between different soil moisture conditions were
examined by paired-samples t test for the grouped fertilizer
treatments (omitting the CK treatment).
Competition between nitrification and immobilization of
NH4
+ is used as an index of NO3
− loss (N/I), which is calcu-
lated using Eq. 1:
N=I ¼ ONH4=TI ð1Þ
where TI is the total rate of NH4
+ immobilization (INH4_Nrec +
INH4_Nlab).
The nitrification capacity (NC) is calculated using Eq. 2:
NC ¼ ONH4=TM ð2Þ
where TM is the total rate of organic N mineralization (MNlab
+MNrec).
Results
Properties of soils sampled from the field experiment
When compared to the CK treatment, the soil pH was signif-
icantly lower for the fertilized treatments, following both the
unsaturated and saturated conditions (p < 0.01, Table 2), with
lowest pH in the NhPK treatment. Total N (TN) content was
greater in fertilizer treatments than in the CK treatment
(p < 0.05, Table 2), while SOC content and C/N ratio were
relatively stable (although SOC was numerically greater for
the treatment where straw residue was added). Within the soil
moisture grouping, there were no significant differences be-
tween fertilizer treatments in exchangeable NH4
+-N content.
However, for the unsaturated soil, NO3
−-N content of in the
NhPK treatment was 45.48 mg kg
−1 DWE, which was signif-
icantly higher than the other treatments (Table 2). Thus, the
nitrate ratio (defined as the ratio of NO3
−-N to total inorganic
N) in the NhPK treatment was significantly higher than for
other treatments.
Compared to the unsaturated soils, soil pH increased sig-
nificantly following the saturated conditions of the saturated
rice-cropping season (p < 0.01). Soil exchangeable NH4
+-N
and NO3
−-N contents were greater in the unsaturated soil
(p < 0.01). For the fertilizer treatments, the soil NO3
− ratios
were greater in the unsaturated soil (p < 0.01).
Laboratory incubation experiment
Inorganic N pool concentration and 15N enrichment changes
Soil exchangeable NH4
+-N concentration decreased, while soil
NO3
−-N concentration increased for all treatments over the
incubation period (Fig. 1). The rate of increase of soil
NO3
−-N concentration (the slopes of the lines in Fig. 1) was
greater under unsaturated than saturated soil conditions, indi-
cating a greater net nitrification rate for the unsaturated soil. For
the unsaturated soil, the rate of increase of soil NO3
−-N con-
centration was greater for the NPK, NhPK, and NPKS treat-
ments than for CK, demonstrating the stimulation of fertilizers
on nitrification. A significant dilution was observed in all soils
over the incubation period in the 15N enrichment of the
NH4
+-N pool following the addition of the 15NH4NO3 and in
the 15N enrichment of the NO3
−-N pool following addition of
the NH4
15NO3 (Fig. 2). The
15NH4
+-N enrichment where the
NH4
+-N pool was labeled was decreased greater under saturat-
ed conditions than under unsaturated conditions, indicating that
the mineralization rate was greater under saturated conditions
than under unsaturated conditions (Fig. 2). While, the 15N en-
richment of NO3
−-N following addition of the NH4
15NO3 was
decreased greater under unsaturated conditions than under sat-
urated conditions, suggesting that nitrification rate was greater
under unsaturated conditions than under saturated conditions
(Fig. 2).
Effect of fertilizer treatment on N transformation rates
Gross N transformation rates under the two soil moisture con-
ditions are presented in Fig. 3. For the soil samples collected
following the rice harvest and incubated under saturated condi-
tions, mineralization and immobilization rates were not signif-
icantly different between treatments (Fig. 3a, b). INO3 increased
in the order CK < NPK < NhPK < NPKS and was significantly
higher for NPKS than for the other treatments (p < 0.05,
Fig. 3c). The rates of ONH4 were significantly greater for the
fertilization treatments than the CK treatment (p < 0.05), but no
significant differences were observed between fertilization
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treatments (Fig. 3d). Similar trends were observed for the gross
rate of DNO3, although the magnitudes of DNO3 were much
smaller than those of ONH4 (Fig. 3e).
For the soil samples collected following the tobacco har-
vest and incubated under unsaturated conditions, there was no
clear trend in the gross rate of organic N mineralization
(Fig. 3a); however, the gross rates of NH4
+-N immobilization
were significantly higher for CK and NPK than for NhPK and
NPKS (Fig. 3b). The gross rates of INO3 were very low (less
than 0.1 mg N kg−1 soil day−1 on average) with no significant
differences between the treatments (Fig. 3c). The variation of
ONH4 among the treatments was the same as that observed
under saturated condition, but the magnitudes were larger
compared to the corresponding treatment (Fig. 3d). The gross
rate of DNRA (DNO3) was low under saturated condition with
a significantly greater rate observed for NPKS relative to the
other fertilizer treatments (p < 0.05, Fig. 3e).
Effect of soil moisture condition on N transformation rates
The rates of organic N mineralization (TM) and immobiliza-
tion of NH4
+ (TI) and the ratio of TI to TM in saturated
conditions were significantly higher (15-fold for TI) than in
unsaturated conditions (p < 0.05) (Figs. 4 and 5). There were
positive relationships between soil pH and the rates of organic
N mineralization (R2 = 0.62; p < 0.01, Fig. 6) and immobiliza-
tion of NH4
+ (R2 = 0.59; p < 0.01, Fig. 6). The rates of INO3
and DNO3 were also higher under saturated soil conditions,
whereas the rate of autotrophic nitrification decreased under
saturated conditions (Fig. 4).
The ratio of autotrophic nitrification to NH4
+ immobiliza-
tion (N/I) and nitrification capacity (NC, defined as the ratio of
gross rate of nitrification to total gross rate of mineralization)
was lower under the saturated soil conditions than unsaturated
soil conditions (Fig. 7). Soil NO3
−-N concentration increased
linearly with NC (R2 = 0.84; p < 0.01).
Discussion
The effects of fertilization on N transformation in soil
It has been reported that N fertilizer application stimulates
both gross mineralization and NH4
+ immobilization in soils
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Fig. 1 Measured concentrations of exchangeable NH4
+ and NO3
− pools
of CK (a), NPK (b), NhPK (c), and NPKS (d) after different incubation
time. The concentrations of exchangeable NH4
+-N or NO3
−-N in soils
under saturated or unsaturated conditions were the average of those for
the 15NH4NO3 and NH4
15NO3 treatments (n = 18). Treatments were CK,
no fertilization; NPK, mineral N, P, and K fertilizers applied at
recommended rates; NhPK, mineral N fertilizers applied at rates 50%
higher than NPK; and NPKS, mineral NPK fertilizer applied with straw
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(Zhang et al. 2012). The 15N tracing results in our study indi-
cated that fertilization did not substantially affect the rates of
organic Nmineralization (TM), except for the NPKS treatment
under tobacco-cropping conditions, which was significantly
higher than the CK treatment under unsaturated conditions
(Fig. 3a). There was a positive relationship between the rates
of organic N mineralization and soil pH (Fig. 6a), suggesting
that the stimulated organic N mineralization in the NPKS
treatment was likely due to the soil pH increase during the
tobacco-cropping season (Table 1).
Long-term fertilizer additions stimulated autotrophic nitrifica-
tion both under saturated and unsaturated conditions (Fig. 3),
which agrees with previous reports (Ding et al. 2010; Hao et al.
2003; Meng et al. 2005). The ability of N fertilizers to stimulate
ONH4 may be due to a positive stimulation of the microbial bio-
mass and activity with the increase in the abundance of
ammonia-oxidizing bacteria (AOB) and archaeal nitrifiers
(AOA; Chu et al. 2008; Shen et al. 2008; Zhang et al. 2015b).
Increased applications of N fertilizers have been shown to result
in a significant increase in population size of autotrophic AOB
(Chu et al. 2008; Shen et al. 2008), which in turn are responsible
for an increased rate of autotrophic nitrification (Zhang et al.
2013b).
The rate of autotrophic nitrification in acid soils increases
with increasing soil pH (Jiang et al. 2015; Stempfhuber et al.
2015). We observed a pH increase in the NPKS treatment
during the unsaturated tobacco-cropping season (Table 1),
but this did not result in an increased rate of autotrophic nitri-
fication (Fig. 3d). It is possible that this was because of the
effect of allelochemicals (e.g., ferulic acid and benzoic acid),
as products of the straw decomposition process in this treat-
ment which can inhibit the numbers and activity of nitrifiers
(e.g., Nitrosomonas and Nitrobacter) in the soil (Chung et al.
2001; Zhang et al. 2015c).
Generally, SOC content exerts a key control on denitrifica-
tion and NO3
−-N immobilization (Firestone and Davidson
1989; Greenan et al. 2006; Hayakawa et al. 2012; Recous
et al. 1990). The application of organic material increases
the content of SOC and thereby may increase the rates of
denitrification and NO3
−-N immobilization (Burger and
Jackson 2003; Miller et al. 2008; Nishio et al. 2001). In our
study, for the saturated soil, rice straw application (which
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− pools
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numerically increased soil SOC; although not statistically sig-
nificant) increased the INO3 rate (Fig. 3c) and a positive rela-
tionship between the rate of INO3 and soil SOC content was
observed (R2 = 0.524, p < 0.05). However, no such
relationship was observed for the unsaturated soil conditions
(Table 2), indicating that C substrate was not limiting INO3
under unsaturated conditions. With the 15N tracing model ap-
plied in this study (Müller et al. 2004, 2007), removal of
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NO3
−-N through immobilization and denitrification is quantified
together as a single rate and cannot be separated into the
pathway-specific rates. To achieve this, details on nitrite (NO2
−)
dynamics in soils are also required (Rütting and Müller 2008)
which were not determined in this study but would provide valu-
able additional information if measured in future studies.
Nitrogen conservation mechanisms in saturated soil
conditions
Ammonium is the preferred N source for uptake by rice (Luo
et al. 1993); organic N mineralization and NH4
+ immobiliza-
tion are important processes of NH4
+ production and con-
sumption in soils. The measured data of 15N enrichment of
NH4
+ pool under 15NH4NO3 treatment and
15N enrichment of
NO3
− under NH4
15NO3 treatment suggested greater
mineralization rate and lower nitrification rate under saturated
conditions than under unsaturated conditions (Fig. 2).
However, comparing with unsaturated conditions, there was
no increasing of exchangeable NH4
+-N concentrations under
saturated conditions (Fig. 1), indicating that immobilization
rate of NH4
+-N was greater under saturated conditions than
under unsaturated conditions.
In line with the qualitative results observed in measured
data, the numerical model analysis showed that the rates of
organic N mineralization (TM) under saturated soil conditions
were significantly higher than under aerobic conditions
Immobilization and denitrification, 0.059±0.056
Immobilization, 0.171±0.051
Immobilization, 2.634±1.008
Immobilization and denitrification, 0.961±0.601
DNRA, 0.285±0.096
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-
N2, N2O et al.
Mineralization
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Autotrophic nitrification
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Heterotrophic nitrification, 0.001±0.001
Mineralization
1.036±0.313
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Autotrophic nitrification
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Fig. 4 Nitrogen transformation
pathways in soils under saturated
and unsaturated conditions (mg
N kg−1 soil day−1). The red
arrows signify transformation
processes where significant
differences were found between
the unsaturated and saturated soils
(paired-sample t tests). The
yellow highlight signifies the
dominant form of inorganic N in
the soils. Data presented are the
means of gross rates of N
transformation for all the fertilizer
treatments combined (NPK +
NhPK + NPKS; n = 9)
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(Fig. 4), which agrees with Mathieu et al. (2006) who made
similar observations in the Saône river plain, near Dijon
(Eastern France) in an agricultural soil. There was a positive
correlation between the rate of organic N mineralization and
soil pH (Fig. 6a), which suggest that the increased rate of or-
ganic N mineralization in saturated soils may be attributable to
soil pH increase (Table 2).
High NH4
+-N availability in paddy soils may increase N
loss through runoff or leaching too, even though NH4
+-N is
less mobile than NO3
−-N, and through NH4
+ oxidation may
result in elevated NO3
− concentrations (Huygens et al. 2007;
Inagaki and Miura 2002; Zhu et al. 2013a). Moreover, NH4
+
immobilization in soils, controlled by biotic and abiotic pro-
cesses, may significantly influence N availability for crops as
well as affect N losses (Said-Pullicino et al. 2014). Our results
showed that the rates of NH4
+ immobilization (TI) in the sat-
urated soil were significantly higher than that under unsaturat-
ed conditions (Fig. 4), which corresponds to findings by
Compton and Boone (2002) who identified a positive relation-
ship between the rate of inorganic N immobilization and soil
moisture content. This indicates that NH4
+ will not easily
accumulate in soil under saturated conditions, which is further
supported by the correlation between soil pH and NH4
+ im-
mobilization rate (p < 0.01, Fig. 6b). The ratio of TI/TM under
saturated conditions was significantly higher than that under
unsaturated condition, and in more than 75% of all cases
higher than 1.2 (Fig. 5). Those results explained the lower soil
exchangeable NH4
+-N concentrations under saturated condi-
tions than that under unsaturated conditions (Table 2). Low
soil exchangeable NH4
+-N concentrations was expected to
reduce N loss via anaerobic ammonium oxidation, which
was considered as an important N removal pathway in anaer-
obic agricultural soil (Shen et al. 2016).
Generally, autotrophic nitrification is considered to be a
microbial oxidation process under aerobic conditions. A pre-
vious study found that the optimum moisture conditions for
nitrification under different cropping systems were about 60%
water-filled pore space (WFPS) (Linn and Doran 1984). Kiese
et al. (2008) found that the relationship between the rates of
gross nitrification and soil moisture could be described best by
the O’Neill functions, with a soil moisture optimum for nitri-
fication at 65% WFPS. However, Yang et al. (2016) reported
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that nitrification activity in paddy soils was not suppressed by
low oxygen concentrations. Soil nitrifying microorganisms
are known to adapt to the local conditions (Mahendrappa
et al. 1966; Myers 1975), such as low pH (Wang et al.
2014), low temperature (Wang et al. 2012), or low oxygen
concentration (Yang et al. 2016), and O2 transport to the rhi-
zosphere of rice plants via parenchyma gas transport (Arth
et al. 1998; Inubushi et al. 2002) may also facilitate
nitrification.
However, the rates of nitrification under saturated condi-
tions were still significantly lower than that under unsaturated
conditions (Fig. 4), contributing to a lower accumulation of
NO3
−-N and a reduced risk of N loss from the paddy soil.
Nitrification capacity (NC) is an index of the ability of auto-
trophic nitrifiers to compete with immobilizing bacteria for
NH4
+ and is a key factor in controlling N losses (Hart et al.
1994). Our study showed that the NC of the saturated
rice-cropping season soil incubated under saturated conditions
was significantly lower than the unsaturated tobacco-cropping
soil incubated under unsaturated conditions (Fig. 7a). The
positive relationship between NO3
− contents with NC (R2 =
0.84; p < 0.01) also suggested that low nitrification rate under
water-saturated condition contributed to low NO3
− content
and a lower risk of N loss.
The ratio of autotrophic nitrification to NH4
+ immobili-
zation (N/I) has been suggested as an index to quantify the
competitive ability of heterotrophic microbes and
nitrobacteria for NH4
+ and the likelihood for N losses from
soils (Stockdale et al. 2002). For the soil samples collected
following rice harvest and incubated under saturated con-
dition, N/I was lower than 1 (Fig. 7b), suggesting that the
substrate of autotrophic nitrification (NH4
+) would be de-
ficient because of high immobilization rates. This result
implies that, if plenty of NH4
+-N is made available (e.g.,
through fertilizer application), the rate of nitrification in
paddy soil would increase due to increased availability of
NH4
+ to the nitrifying microorganisms. Thus, split applica-
tions of N fertilizer are an important management practice
to decrease the risk of N loss in paddy soils.
The processes of DNRA reduce the soil NO3
− content while
retaining the N in an available form (Silver et al. 2005). In our
study, the rate of DNRA was significantly higher under satu-
rated soil conditions (Fig. 4), which can be explained by the
requirement of anoxic soil conditions to promote the DNRA
process, and also explains why DNRA plays only a minor or
negligible role in aerobic soils (Tiedje 1988). Therefore, under
saturated conditions, surplus NO3
−-N can be transformed to
NH4
+-N through the DNRA process thereby potentially con-
serving N in the system. Accompanied with higher rates of
organic N mineralization and NH4
+ immobilization and lower
rates of NH4
+ autotrophic nitrification in the saturated soils
than in unsaturated soils, N can be retained in soils during
the saturated rice-cropping season. This observation was
supported by the view of Houtermans et al. (2017) that paddy
management promotes N sequestration in soils.
It was reported that NO3
−-N immobilization occurs when
NH4
+-N is very low (Rice and Tiedje 1989). In our study, soil
exchangeable NH4
+-N contents were greater in the unsaturat-
ed soil than that in the saturated soil. Thereby, the rate of INO3
under saturated conditions was significantly higher than under
unsaturated conditions (Fig. 4). Although the processes of
NO3
− immobilization and denitrification could not be consid-
ered independently (see above), saturated conditions generally
favor the denitrification process (Xing et al. 2002) and N
losses via that pathway were therefore likely to have been
much higher than N conserved through immobilization.
However, because NO3
− availability is a key factor for deni-
trification (Greenan et al. 2006), the high rates of NH4
+ im-
mobilization and DNRA and low nitrification rate resulted in
low NO3
− availability under the saturated soil condition
(Table 2), thereby decreasing opportunities for gaseous N
losses via denitrification.
Conclusion
Contrary to the general assumption that soils under saturated
conditions are prone to N losses, there seems to be an inherent
soil N conservation mechanism during the saturated
rice-cropping season to effectively conserve N. This is pre-
dominantly via reduced NO3
− production and improved
DNRA process. Higher organic N mineralization rates in pad-
dy soils provide sufficient NH4
+-N for crop uptake, and sur-
plus NH4
+-N is immobilized rather than nitrified under the
saturated soil conditions. Soil inorganic N concentrations un-
der saturated conditions were significantly lower than under
unsaturated conditions, decreasing the potential for N loss
through runoff or leaching. However, the rates of NO3
− im-
mobilization and denitrification of the unsaturated
rice-cropping soil were significantly higher than in the unsat-
urated tobacco-cropping soil, and the risk of N loss through
denitrification maybe higher in the saturated soil than in the
unsaturated soil. The relationship between nitrification, NO3
−
immobilization, and denitrification should be evaluated in
more detail in future studies.
Acknowledgments This work was supported by grants from the National
Natural Science Foundation of China (41771330, 41401339, 41330744,
31270556), the Natural Science Foundation of Fujian Province
(2014J01145), Foundation of Fujian Academic of Agricultural Sciences
(AB2017-2, YC2015-6), and the Priority Academic Program
Development of Jiangsu Higher Education Institutions. The study was
carried out in close collaboration with the German science foundation
research unit (FOR 2337) BDenitrification in Agricultural Soils:
Integrated control and Modelling at various scales (DASIM).^
Rothamsted Research is supported by the UK Biotechnology and
Biological Sciences Research Council.
Biol Fertil Soils
Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecommons.
org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to
the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
References
Arth I, Frenzel P, Conrad R (1998) Denitrification coupled to nitrification
in the rhizosphere of rice. Soil Biol Biochem 30:509–515
Bremner M, Keeney DR (1965) Steam distillation methods for deter-
mination of ammonium, nitrate and nitrite. Anal Chim Acta 32:
485–495
Burger M, Jackson LE (2003) Microbial immobilization of ammonium
and nitrate in relation to ammonification and nitrification rates in
organic and conventional cropping systems. Soil Biol Biochem 35:
29–36
Choi WJ, Ro HM, Lee SM (2003) Natural 15N abundances of inorganic
nitrogen in soil treated with fertilizer and compost under changing
soil moisture regimes. Soil Biol Biochem 35:1289–1298
Chu H, Fujii T, Morimoto S, Lin X, Yagi K (2008) Population size and
specific nitrification potential of soil ammonia-oxidizing bacteria
under long-term fertilizer management. Soil Biol Biochem 40:
1960–1963
Chung IM, Ahn JK, Yun SJ (2001) Identification of allelopathic com-
pounds from rice (Oryza sativa L.) straw and their biological activ-
ity. Can J Plant Sci 81:815–819
Compton JE, Boone RD (2002) Soil nitrogen transformations and the role
of light fraction organic matter in forest soils. Soil Biol Biochem 34:
933–943
Di HJ, Cameron KC, Podolyan A, Robinson A (2014) Effect of soil
moisture status and a nitrification inhibitor, dicyandiamide, on am-
monia oxidizer and denitrifier growth and nitrous oxide emissions in
a grassland soil. Soil Biol Biochem 73:59–68
Ding WX, Yagi K, Cai ZC, Han FX (2010) Impact of long-term applica-
tion of fertilizers on N2O and NO production potential in an inten-
sively cultivated sandy loam soil. Water Air Soil Poll 212:141–153
Firestone MK, Davidson EA (1989) Microbiological basis of NO and
N2O production and consumption in soil. In: Andreae MO,
Schimel DS (eds) Exchange of trace gases between terrestrial
ecosystems and the atmosphere. John Wiley & Sons, New York,
pp 7–21
Greenan CM, Moorman TB, Kaspar TC, Parkin TB, Jaynes DB (2006)
Comparing carbon substrates for denitrification of subsurface drain-
age water. J Environ Qual 35:824–829
Guntinas M, Leiros M, Trasar-Cepeda C, Gil-Sotres F (2012) Effects of
moisture and temperature on net soil nitrogen mineralization: a lab-
oratory study. Eur J Soil Biol 48:73–80
HanWY, Xu JM, Yi XY, Lin YD (2012) Net and gross nitrification in tea
soils of varying productivity and their adjacent forest and vegetable
soils. Soil Sci Plant Nutr 58:173–182
Hao XY, Chang C, Travis GR, Zhang FR (2003) Soil carbon and nitrogen
response to 25 annual cattle manure applications. J Plant Nutr Soil
Sc 166:239–245
Hart SC, Nason GE, Myrold DD, Perry DA (1994) Dynamics of gross
nitrogen transformations in an old-growth forest: the carbon connec-
tion. Ecology 75:880–891
Hayakawa A, NakataM, Jiang R, Kuramochi K, Hatano R (2012) Spatial
variation of denitrification potential of grassland, windbreak forest,
and riparian forest soils in an agricultural catchment in eastern
Hokkaido, Japan. Ecol Eng 47:92–100
Houtermans M, Lehndorff E, Utami SR, Said-Pullicino D, Romani M,
Kölbl A, Kaiser K, Cao ZH, Amelung W (2017) Nitrogen seques-
tration under long-term paddy management in soils developed on
contrasting parent material. Biol Fert Soils 53:837–848
Huygens D, Rütting T, Boeckx P, Van Cleemput O, Godoy R,Müller C
(2007) Soil nitrogen conservation mechanisms in a pristine south
Chilean Nothofagus forest ecosystem. Soil Biol Biochem 39:
2448–2458
Inagaki Y, Miura S (2002) Soil NO3
−-N production and immobilization
affected by NH4
+-N, glycine, and NO3
−-N addition in different for-
est types in Shikoku, southern Japan. Soil Sci Plant Nutr 48:679–
684
Inubushi K, Sugii H, Watanabe I, Wassmann R (2002) Evaluation of
methane oxidation in rice plant-soil system. Nutr Cyc Agroecosys
64:71–77
Jiang X, Hou X, Zhou X, Xin X,Wright A, Jia Z (2015) pH regulates key
players of nitrification in paddy soils. Soil Biol Biochem 81:9–16
Kiese R, Hewett B, Butterbach-Bahl K (2008) Seasonal dynamic of gross
nitrification and N2O emission at two tropical rainforest sites in
Queensland, Australia. Plant Soil 309:105–117
Linn D, Doran J (1984) Effect of water-filled pore space on carbon diox-
ide and nitrous oxide production in tilled and nontilled soils. Soil Sci
Soc Am J 48:1267–1272
Luo A, Xu J, Yang X (1993) Effect of nitrogen (NH4NO3) supply on
absorption of ammonium and nitrate by conventional and hybrid
rice during reproductive growth. Plant Soil 155:395–398
Mahendrappa MK, Smith RL, Christinsen TA (1966) Nitrifying organ-
isms affected by climatic region in western United States. Soil
Science Society Amercia, Proceeding 30:60–62
Mathieu O, Hénault C, Lévêque J, Baujard E, Milloux MJ, Andreux F
(2006) Quantifying the contribution of nitrification and denitrifica-
tion to the nitrous oxide flux using 15N tracers. Environ Pollut 144:
933–940
Meng L, Ding WX, Cai ZC (2005) Long-term application of organic
manure and nitrogen fertilizer on N2O emissions, soil quality and
crop production in a sandy loam soil. Soil Biol Biochem 37:
2037–2045
Miller M, Zebarth B, Dandie C, Burton D, Goyer C, Trevors J (2008)
Crop residue influence on denitrification, N2O emissions and
denitrifier community abundance in soil. Soil Biol Biochem 40:
2553–2562
Minick K, Pandey C, Fox T, Subedi S (2016) Dissimilatory nitrate reduc-
tion to ammonium and N2O flux: effect of soil redox potential and N
fertilization in loblolly pine forests. Biol Fert. Soils 52:601–614
Müller C, Rütting T, Kattge J, Laughlin R, Stevens R (2007) Estimation
of parameters in complex 15N tracing models by Monte Carlo sam-
pling. Soil Biol Biochem 39:715–726
Müller C, Stevens RJ, Laughlin RJ (2004) A 15N tracing model to
analyse N transformations in old grassland soil. Soil Biol
Biochem 36:619–632
Myers RJK (1975) Temperature effects on ammonification and nitrifica-
tion in a tropical soil. Soil Biol Biochem 7:83–86
Nelson DW, Sommers LE (1996) Total carbon, organic carbon, and or-
ganic matter. In: Sparks DL (ed) Methods of soil analysis. Part 3.
Chemical methods. Soil Science Society of America, American
Society of Agronomy, Madison, pp 961–1010
Nishio T, Komada M, Arao T, Kanamori T (2001) Simultaneous deter-
mination of transformation rates of nitrate in soil. Jpn Agr Res Q 35:
11–18
Recous S, Mary B, Faurie G (1990) Microbial immobilization of ammo-
nium and nitrate in cultivated soils. Soil Biol Biochem 22:913–922
Rice CW, Tiedje JM (1989) Regulation of nitrate assimilation by ammo-
nium in soils and in isolated soil microorganisms. Soil Biol Biochem
21:597–602
Biol Fertil Soils
Rütting T, Huygens D, Müller C, Van Cleemput O, Godoy R, Boeckx P
(2008) Functional role of DNRA and nitrite reduction in a pristine
south Chilean Nothofagus forest. Biogeochemistry 90:243–258
Rütting T, Müller C (2007) 15N tracing models with a Monte Carlo opti-
mization procedure provide new insights on gross N transformations
in soils. Soil Biol Biochem 39:2351–2361
Rütting T, Müller C (2008) Process-specific analysis of nitrite dynamics
in a permanent grassland soil by using a Monte Carlo sampling
technique. Eur J Soil Sci 59:208–215
Said-Pullicino D, Cucu MA, Sodano M, Birk JJ, Glaser B, Celi L (2014)
Nitrogen immobilization in paddy soils as affected by redox condi-
tions and rice straw incorporation. Geoderma 228:44–53
Sainju UM, Senwo ZN, Nyakatawa EZ, Tazisong IA, Reddy KC (2008)
Soil carbon and nitrogen sequestration as affected by long-term till-
age, cropping systems, and nitrogen fertilizer sources. Agric Ecosyst
Environ 127:234–240
Schimel JP, Bennett J (2004) Nitrogen mineralization: challenges of a
changing paradigm. Ecology 85:591–602
Shen JP, Zhang LM, Zhu YG, Zhang JB, He JZ (2008) Abundance and
composition of ammonia-oxidizing bacteria and ammonia-oxidizing
archaea communities of an alkaline sandy loam. Environ Microbiol
10:1601–1611
Shen LD, Zheng PH, Ma SJ (2016) Nitrogen loss through anaerobic
ammonium oxidation in agricultural drainage ditches. Biol Fert
Soils 52:127–136
Silver W, Thompson A, Reich A, Ewel J, Firestone M (2005) Nitrogen
cycling in tropical plantation forests: potential controls on nitrogen
retention. Ecol Appl 15:1604–1614
Stempfhuber B, Engel M, Fischer D, Neskovic-Prit G, Wubet T,
Schöning I, Gubry-Rangin C, Kublik S, Schloter-Hai B, Rattei T,
Welzl G, Nicol GW, Schrumpf M, Buscot F, Prosser JI, Schlote M
(2015) pH as a driver for ammonia-oxidizing archaea in forest soils.
Microbial Ecol 69:879–883
Stockdale EA, Hatch DJ, Murphy DV, Ledgard SF, Watson CJ (2002)
Verifying the nitrification to immobilisation ratio (N/I) as a key
determinant of potential nitrate loss in grassland and arable soils.
Agronomie 22:831–838
Thomas GW (1996) Soil pH and soil acidity. In: Sparks DL (ed) Methods
of soil analysis, Part 3. Soil Science Society of America, Madison,
pp 475–490
Tiedje JM (1988) Ecology of denitrification and dissimilatory nitrate
reduction to ammonium. In: Zehader AJB (ed) Environmental
Micorobiology of Anaerobic microorganisms. John Wiley and
Son, New York, pp 179–244
Wang BZ, Zheng Y, Huang R, Zhou X,Wang DM, He YQ, Jia ZJ (2014)
Active ammonia oxidizers in an acidic soil are phylogenetically
closely related to neutrophilic archaeon. Appl Envrion Microbiol
80:1684–1691
Wang F, Liu Y, Ma YX, Wu XR, Yang HZ (2012) Characterization of
nitrification andmicrobial community in a shallowmoss constructed
wetland at cold temperatures. Ecol Eng 42:124–129
Wang SP, Wang YF, Haneklaus S, Xiang XR, Hu ZY, Fan XH, Chen ZZ,
Schung E (2005) Influence of nitrogen and elemental-sulfur
fertilization on sulfur oxidation and mineralization in relation to soil
moisture on a calcareous soil of the Inner Mongolia steppe of China.
J Plant Nutr Soil Sc 168:228–232
Xing G, Cao Y, Shi S, Sun G, Du L, Zhu J (2002) Denitrification in
underground saturated soil in a rice paddy region. Soil Biol
Biochem 34:1593–1598
Yang LL, Zhang FS, Gao Q, Mao RZ, Liu XJ (2010) Impact of land-use
types on soil nitrogen net mineralization in the sandstorm and water
source area of Beijing, China. Catena 82:15–22
Yang YJ, Zhang JB, Cai ZC (2016) Nitrification activities and N miner-
alization in paddy soils are insensitive to oxygen concentration. Acta
Agr Scand Section B - S P 66(3):272–281
Yin SX, Chen D, Chen LM, Edis R (2002) Dissimilatory nitrate reduction
to ammonium and responsible microorganisms in two Chinese and
Australian paddy soils. Soil Biol Biochem 34:1131–1137
Yu S, Ehrenfeld JG (2009) The effects of changes in soil moisture on
nitrogen cycling in acid wetland types of the New Jersey Pinelands
(USA). Soil Biol Biochem 41:2394–2405
Zhang JB, Cai ZC, Zhu TB, YangWY,Müller C (2013a) Mechanisms for
the retention of inorganic N in acidic forest soils of southern China.
Sci Rep 3:1–10
Zhang JB, Lan T, Müller C, Cai ZC (2015a) Dissimilatory nitrate reduc-
tion to ammonium (DNRA) plays an important role in soil nitrogen
conservation in neutral and alkaline but not acidic rice soil. J Soils
Sediments 15:523–531
Zhang JB, Zhu TB, Cai ZC, Qin SW, Müller C (2012) Effects of long-
term repeated mineral and organic fertilizer applications on soil ni-
trogen transformations. Eur J Soil Sci 63:75–85
Zhang JB, Zhu TB, Meng TZ, Zhang YC, Yang JJ, Yang WY, Cai ZC,
Müller C (2013b) Agricultural land use affects nitrate production
and conservation in humid subtropical soils in China. Soil Biol
Biochem 62:107–114
Zhang YS, Zhang JB, Zhu TB, Müller C, Cai ZC (2015c) Effect of
orchard age on soil nitrogen transformation in subtropical China
and implications. J Environ Sci 34:10–19
Zhang YS,Wang F, Zhang JB, Zhu TB, Lin C, Müller C, Cai ZC (2015b)
Cattle manure and straw have contrasting effects on organic nitrogen
mineralization pathways in a subtropical paddy soil. Acta Agr Scand
Section B - S P 65:619–628
Zhao W, Cai ZC, Xu ZH (2007) Does ammonium-based N addition
influence nitrification and acidification in humid subtropical soils
of China? Plant Soil 297:213–221
ZhuH,YanB,Khan S (2013a) Nitrogen loss through lateral seepage from
paddy fields: a case study in Sanjiang Plain, Northeast China. J Food
Agri Environ 11:841–845
Zhu T, Zhang J, Cai Z, Müller C (2011) The N transformation mecha-
nisms for rapid nitrate accumulation in soils under intensive vegeta-
ble cultivation. J Soil Sediment 11:1178–1189. https://doi.org/10.
1007/s11368-011-0384-x
Zhu TB, Meng TZ, Zhang JB, Yin YF, Cai ZC, Yang WY, Zhong WH
(2013b) Nitrogen mineralization, immobilization turnover, hetero-
trophic nitrification, and microbial groups in acid forest soils of
subtropical China. Biol Fert Soils 49:323–331
Biol Fertil Soils
